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ABSTRACT 


A  new  solar  technology  with  the  capability  to  increase  array-level  power 
production  is  introduced  by  using  simple  integrated  power  converters  that  connect 
directly  to  photovoltaic  (PV)  panels  is  investigated.  The  power  converters  proposed  here 
are  full-bridge  DC-DC  converters  with  high  voltage  gain  that  operate  with  an  open-loop 
control  scheme.  The  outputs  of  these  converters  could  then  be  directly  connected  to  a 
grid-tie  converter  eliminating  the  need  to  connect  panels  in  series  to  achieve  the 
appropriate  voltage.  With  a  high-efficiency  converter,  the  total  system  efficiency  would 
increase  even  though  one  panel  in  the  array  may  be  compromised.  The  simulation  results 
show  that  a  highly-efficient  converter  is  possible.  To  assist  in  experimentation,  an 
auxilary  circuit  using  a  microcontroller  was  implemented  to  supply  power  and  gate 
signals  to  the  gate  driver  of  the  power  converters.  The  design  and  construction  of  a 
transformer  for  use  with  the  full-bridge  converter  is  discussed.  A  novel  transformer 
topology  is  utilized  to  increase  converter  efficiency.  The  converters  were  tested  both  in  a 
laboratory  environment  and  outdoors  for  solar  data  collection.  Transient  response,  source 
regulation  and  load  regulation  analysis  was  performed.  The  maximum  power  points  of 
the  array  were  investigated  for  different  insolation  levels.  Even  when  insolation  differs 
substantially,  the  panel  output  power  levels  are  within  their  individual  maximum  power 
levels  when  the  total  output  is  maximized  even  without  independent  power  trackers. 
Analysis  of  both  field  data  and  random  insolation  indicate  that  the  new  approach  does 
increase  power  generation  and  therefore  system  efficiency. 
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1.  INTRODUCTION 


I.I.  PROBLEM 

The  number  of  installation  loeations  with  unshaded  southern  exposure  over  an 
area  large  enough  for  a  eonventional  photovoltaie  (PV)  array  is  limited.  If  the  array’s 
performanee  under  parital  shading  eould  be  inereased,  the  number  of  suitable  installation 
sites  would  inerease  signifieantly. 

A  typieal  solar  panel  generates  up  to  200  W  at  about  26  V.  A  typieal  inverter  is 
rated  for  at  least  250  V  on  its  input  terminals.  Conventionally,  PV  panels  are  eonneeted 
in  series  strings  that  aehieve  the  desired  system  voltage,  and  then  these  strings  are 
eonneeted  in  parallel  to  aehieve  the  desired  system  power  rating.  Unfortunately,  if  one 
panel  is  eompromised  (due  to  shading,  obstruetions,  damage,  ete.)  the  output  power  of  its 
whole  string  is  signifieantly  redueed.  Sinee  PV  system  designers  and  installers  are  aware 
of  the  detrimental  effeets  of  shading,  they  design  for  as  minimal  shading  as  possible. 

With  the  proposed  approaeh,  panels  ean  be  eonneeted  in  parallel  instead.  Then 
any  single  eompromised  panel  will  only  affeet  that  partieular  panel,  rather  than  the  whole 
array.  This  will  eause  the  average  system  output  power  to  inerease.  While  shading 
should  still  be  avoided  or  minimized,  moderate  shading  ean  be  tolerated,  so  more 
installation  sites  ean  be  eonsidered. 

In  the  proposed  array  topology,  eaeh  individual  PV  panel  has  an  integrated  de-de 
eonverter  whieh  inereases  the  input  voltage  by  a  fixed  gain.  The  output  of  the  eonverter 
eould  then  be  direetly  eonneeted  to  a  grid-tie  inverter  that  performs  maximum  power 
point  traeking  (MPPT).  Good  souree  and  load  regulation  are  needed  so  that  individual 
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panels  operate  near  the  same  voltage,  regardless  of  system  voltage  and  individual  panel 
power  production. 

In  particular,  the  converters  proposed  are  full-bridge  converters,  which  are  buck- 
derived  isolated  converters.  The  transformers  have  a  ten  times  gain  in  order  to  allow  the 
output  voltage  to  be  connected  to  a  grid-tie  inverter.  A  microcontroller,  supplied  by  the 
PV  panel,  will  be  used  in  order  to  perform  the  gate  switching  for  the  converter  with  an 
open-loop  control  scheme  using  pulse-width  modulation  (PWM). 

1.2.  LITERATURE  REVIEW 

A  model  of  a  PV  panel  has  been  developed  using  datasheet  values  [1].  The  model 
uses  the  single-diode,  five-parameters  model  which  takes  into  account  the  series  and 
shunt  resistance  of  the  panel.  With  a  proper  model,  simulation  could  easily  be  achieved 
and  expected  values  of  current  and  voltage  could  be  predicted.  Simulation  and  analysis 
of  individual  PV  cells  or  modules  has  been  performed  [2].  This  could  also  be  adjusted  to 
include  the  converter  power  stage  and  extended  to  comprise  added  control  or  other 
functions.  Partial  shading  simulation  of  a  PV  panel  is  possible  as  well  [3]. 

The  impact  of  shading  on  array  performance  has  been  investigated  [4-6].  There 
have  been  efficiency  improvements  in  a  series-connected  PV  array  using  individual 
power  converters  for  each  panel  with  partial  shading  [7].  This  allows  the  maximum 
power  from  each  panel  to  be  delivered  to  the  string  with  the  use  of  module-level  MPPT. 
However,  the  advantage  is  not  as  significant  as  a  parallel-connected  array.  The  effects  of 
shading  when  comparing  a  series  string  to  a  parallel  array  at  varying  levels  of  insolation 
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corresponding  to  field  data  were  analyzed  and  the  parallel  eonfigurations  yielded  better 
performance  [8]. 

There  have  been  studies  in  different  types  of  eonverters  to  use  in  photovoltaic 
applications.  There  has  been  extensive  research  of  non-isolated  converters  used  in 
photovoltaie  applications  [9].  Non-isolated  converters  eould  be  designed  in  such  a  way 
that  high-efficiency  is  possible  regardless  of  the  wide  input  range  from  a  PV  panel  or  a 
wide  load  range  [10].  By  analyzing  the  behaviors  of  the  semiconduetors,  a  converter 
could  be  optimized  in  order  to  achieve  high  efficiency.  With  improved  semiconduetor 
teehnologies,  new  boost  converters  are  being  developed  for  PV  applieations  [11]. 
Multifunctional  converters  that  integrate  energy  storage  deviees  for  use  with  PV 
generation  system  have  been  examined  [12,  13]. 

The  full-bridge  converter  can  be  designed  in  various  ways.  The  typical 
conversion  proeess  in  power  eleetronics  usually  requires  the  use  of  magnetic  components 
(sueh  as  inductors  and  transformers)  that  are  frequently  the  heaviest  and  bulkiest  item  in 
the  eonverter.  These  have  a  significant  effect  upon  the  overall  performance,  efficieney, 
size,  and  cost  of  the  converter.  Some  studies  have  investigated  the  design  and  analysis  of 
zero-voltage  switehed  (ZVS),  PWM  converters  [14-16].  This  leads  to  a  reduction  in 
switching  losses  at  higher  frequencies.  With  higher  frequency  operation,  the  size  and 
cost  of  the  magnetic  components,  the  induetors  and  transformers,  in  the  circuit  will  be 
reduced.  There  has  also  been  some  investigation  of  zero-eurrent  switching  (ZCS)  to 
further  reduce  switehing  losses  [17-20].  For  higher  power  levels,  high  effieieney  ean  be 
achieved  with  soft  switching  [21,  22].  From  a  lower  power-scale  prototype,  a  higher 
power  converter  could  be  designed.  The  converter  could  be  designed  for  a  fiat  efficiency 


curve  over  a  wide  load  range[23].  A  current- fed  full-bridge  eonverter  comparable  in 
power  level  and  effieiency  has  also  been  developed  [24], 

1.3.  CONTRIBUTIONS  OF  THE  THESIS 

The  main  contributions  of  this  thesis  are; 

•  development  and  experimentation  of  an  auxiliary  circuit  to  supply  gate 
drivers  with  power  from  a  step-down  circuit  and  gate  signals  from  a 
microcontroller, 

•  development  and  implementation  of  a  Labview  interface  to  control 
devices  and  take  measurements, 

•  development  of  the  full-bridge  buek-derived,  isolated  converter  with 
novel  parallel  input,  series-output  transformer  topology, 

•  presenting  the  simulation  results  to  verify  the  design  is  sufficient, 

•  aequiring  hardware  bench-testing  results,  and 

•  obtaining  outdoor  solar-testing  results. 

1.4.  THESIS  ORGANIZATION 

This  thesis  is  organized  into  four  sections.  Section  1  provides  a  general 
introduction  with  a  problem  statement,  literature  review  and  contributions  of  the  thesis. 
Section  2  describes  the  methodology  used  for  the  researeh,  whieh  eovers  the  hardware 
and  software  design  of  a  mieroeontroller  cireuit  used  for  control,  the  development  of  a 
Labview  interfaee  to  set  an  electronic  load  and  measure  input  and  output  eurrents  and 
voltages,  and  a  discussion  of  the  use  of  pyranometers  and  thermoeouples.  Seetion  3 
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presents  the  full -bridge  converter  used  for  experimentation,  which  explains  the  design 
and  simulation  of  the  full-bridge  converter,  the  design  and  construction  of  the 
transformers  used  in  the  converter,  and  the  experimental  results  from  bench  testing. 
Section  4  explains  the  setup  and  experimentation  of  the  full-bridge  converters  with  solar 
panels.  Section  5  concludes  the  thesis  and  describes  future  work. 

Following  the  solar  testing  conclusions.  Appendix  A  contains  the  schematics  and 
board  layouts  for  the  printed  circuit  boards  used  for  collecting  the  experimental  data. 
Appendix  B  includes  the  microcontroller  code  written  to  produce  the  pulse-width 
modulation  gate  signals.  Appendix  C  illustrates  the  block  diagram  for  the  Labview 
interface  and  the  human-machine  interface  screen  used  to  capture  data.  Appendix  D 
includes  the  data  tables  for  solar  testing  at  different  isolation  levels  as  well  as  the  figures 
of  the  I-V  and  P-V  curves  for  each  isolation  level,  similar  to  Section  4  but  more 


extensive. 
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2.  METHODOLOGY 

In  this  section  the  methods  used  to  assist  the  project  will  be  detailed.  These 
include  the  methods  to  develop  a  microcontroller,  a  Labview  program  for  data 
acquisition,  and  the  use  of  a  pyranometer  and  thermocouple. 

2.1.  MICROCONTROLLER 

2.1.1.  Hardware  Design.  The  full-bridge  converter  is  used  in  conjunction 
with  another  circuit  which  provides  the  voltage  and  the  gate  signals  for  the  gate  drivers. 
The  schematic  of  this  circuit  is  in  Appendix  A  along  with  the  printed  circuit  board  (PCB) 
layout.  This  circuit  has  two  step-down  circuits,  one  to  power  the  gate  driver  and  the  other 
to  power  the  microcontroller.  A  buck  converter,  a  TL2575-ADJIKTTR  from  Texas 
Instruments,  with  a  variable  gain  is  used  in  order  to  obtain  the  desired  voltage  for  the  gate 
drivers.  The  recommended  circuit  can  be  seen  in  Figure  2.1  [25]. 

The  output  voltage  is  determined  by  resistors  Ri  and  R2  according  to 

K,.  =  i'+^]K.f  (1) 

V  J 

where  Vref  =  1.23  V.  Resistors  Ri  and  R2  were  chosen  to  be  IkG  and  6.8kG  respectively 
to  get  an  output  voltage  of  9.594  V.  Capacitors  Ci  and  C2  were  recommended  to  be 
100  pF  and  330  pF,  respectively.  These  are  EEE-FPIVIOIAP  and  EEE-PP1C331AP, 
respectively,  aluminum  electrolytic  capacitors  from  Panasonic.  The  diode  Di  was  chosen 
to  be  a  surface  mount  schottky  diode,  SSA34-E3/61T  from  Vishay.  The  inductor  Ei  was 
recommended  to  be  330  pH.  The  inductor  chosen  is  a  MSS1260-334KLB  from 


Coilcraft. 
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Figure  2. 1 .  Recommended  Circuit  for  Buck  Converter 


This  voltage  is  then  connected  to  a  LDl  1 17S33CTR  low  drop  voltage  regulator 
(LDO),  from  STMicroelectronics,  in  order  to  get  a  fixed  3.3  V  to  power  the 
microcontroller,  a  MSP430F1222IDW  from  Texas  Instruments.  The  recommended 
circuit  can  be  seen  in  Figure  2.2  [26]. 

The  input  capacitor  and  output  capacitors  to  the  LDO  are  ceramic  capacitors  of 
0.1  pF  and  10  pF  respectively.  The  output  is  connected  to  Vcc  of  Figure  2.3  [27],  which 
shows  the  circuit  design  for  in-circuit  programming.  Resistor  R1  has  a  value  of  47kO. 
Capacitors  Cl,  C2  and  C3  are  ceramic  capacitors  with  values  of  2.2  nF,  10  pF  and  0.1  pF 
respectively.  The  microcontroller  was  programmed  with  a  debugging/programming 
interface,  a  MSP-FET430UIF  from  Texas  Instruments.  This  is  a  USB  to  JTAG  interface. 
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Figure  2.2.  Recommended  Circuit  for  LDO 


For  programming  when  the  power  to  the  microcontroller  is  supplied  by  the 
board,  connect  Jl.  For  programming  when  the  power  of  the  microcontroller  is  supplied 
by  the  programming  adapter,  connect  J2. 

The  outputs  of  the  microcontroller  are  two  signals  connected  to  TAl  and  TA2 
which  are  used  for  the  gate  signals.  Additionally,  there  are  connections  for  alternative 
uses  of  the  circuit.  There  is  a  connection  to  use  a  crystal  oscillator  on  pins  XIN  and 
XOUT  of  the  microcontroller.  These  would  be  used  if  the  microcontroller  internal 
oscillator  is  not  sufficiently  accurate.  There  are  connections  for  the  use  of  two  push 
buttons  on  input  pins  P3.0  and  P3.1  of  the  microcontroller.  Two  analog  to  digital 
converter  (ADC)  inputs  are  connected  to  pins  P2.0  and  P2.1  of  the  microcontroller  that 
could  be  used  for  closed-loop  control.  A  USART  or  UART  mode  can  be  used  with  pins 
UTXDO,  which  transmits  data,  and  URXDO,  which  receives  data.  These  additional 
connections  can  be  seen  in  the  PCB  schematic  shown  in  Appendix  A.  The  present  work 


did  not  use  these  extra  features. 
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Vo 


Figure  2.3.  Circuit  Design  for  In-Circuit  Programming 


2.1.2.  Software  Design.  The  microcontroller  program  was  designed  such  that  it 
will  produce  two  gate  signals  with  the  same  duty  cycle  and  switching  frequency  but  with 
a  phase  shift  of  180  degrees.  The  desired  switching  frequency  is  100  kHz.  The  program 
turns  off  unnecessary  peripherals  and  the  CPU  enters  a  low  power  mode  after  the 
program  is  loaded  in  order  to  minimize  power  consumption. 

The  program  first  turns  off  the  watchdog  timer.  The  primary  function  of  the 
watchdog  timer  (WDT)  module  is  to  perform  a  controlled  system  restart  after  a  software 
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problem  occurs  or  if  the  selected  time  interval  expires.  Since  there  is  no  need  for  a 
system  reset  or  interrupt  routine,  the  watchdog  timer  is  disabled. 

Next  the  program  will  set  two  different  registers,  the  DCOCTL  and  BCSCTL,  in 
order  to  adjust  the  internal  clock  frequency.  The  DCOCTL  register  sets  the  DCO  value 
to  7  and  the  BCSCTL  register  sets  the  RSEL  value  to  7.  From  the  datasheet[28],  the 
maximum  value  of  the  internal  clock  frequency  is  5.4  MHz. 

The  program  then  sets  the  pins  PI  .2  and  PI  .3  to  be  PWM  output  pins  using  Timer 
A  in  up/down  mode.  The  PI  DIR  register  sets  the  pins  as  output  pins  and  PISEL 
designates  the  use  of  Timer  A.  The  value  of  TACCRO  defines  half  of  the  PWM  period 
and  the  values  of  TACCRl  and  TACCR2  the  PWM  duty  cycles.  Using  the  system  clock 
of  5.4MHz  as  Timer  A  clock,  the  value  of  TACCRO  can  be  determined  with 

TACCRO  =  - 1  (2) 

^^fsw 

For  a  desired  switching  frequency  of  100  kHz  and  the  maximum  clock  frequency  of  5.4 
MHz,  the  value  of  TACCRO  is  26.  However  through  experimentation  the  value  of 
switching  frequency  was  measured  as  93.3  kHz.  The  lower  than  expected  value  is 
attributed  the  tolerance  in  clock  frequency  but  based  on  the  switching  frequency,  the 
estimated  clock  frequency  is  5.038  MHz 

In  order  to  achieve  the  phase  shift  necessary,  TACCRl  is  set  to  toggle/set  mode 
and  TACCR2  is  set  to  toggle/reset  mode,  using  the  TACCTEl  and  TACCTE2  registers 
respectively.  The  value  of  TACCRl  was  set  to  15  and  the  value  of  TACCR2  was  set  to 
1 1 .  This  gives  each  signal  an  effective  duty  cycle  of  42%.  An  example  of  the  operation 
of  the  PWM  signals  can  be  seen  in  Figure  2. 4 [29]. 
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The  last  thing  done  in  the  program  is  to  set  the  mieroeontroller  into  low-power 
mode.  In  this  mode,  the  eentral  proeessing  unit  and  the  master  eloek  are  disabled.  The 
entire  mieroeontroller  program  ean  be  seen  in  Appendix  B. 

2.2.  LABVIEW 

The  Labview  interfaee  was  developed  using  Labview  10.1  in  order  to  measure  the 
input  voltages,  input  eurrents,  output  voltages  and  output  eurrents  of  the  eonverters  for 
speeifie  load  points.  The  bloek  diagram  ean  be  seen  in  Appendix  C.  The  eleetronie  load, 
an  Agilient  N3300A,  uses  two  modules  in  order  to  be  within  voltage  ratings.  Eaeh 
module  ean  handle  240  V  and  30  A.  One  module  is  used  as  a  voltage  souree  to  handle 
large  voltages  while  the  other  module  is  used  as  a  eurrent  or  resistive  load.  There  are 
three  main  parts  to  the  visual  interfaee.  These  inelude  an  initialization  routine,  the  main 
routine  and  a  shutdown  routine. 

For  the  initialization  routine,  the  mulitimeters  (Fluke  8845 A)  and  the  eleetronie 
load  are  eonfigured.  The  multimeters  are  set  to  their  speeifie  funetion,  whether  that  be 
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measuring  dc  voltage  or  dc  eurrent,  and  individual  ranges  were  also  set.  The  multimeters 
conneeted  to  the  inputs  of  the  converters  were  set  with  a  10  A  range  for  the  input  current 
and  a  100  V  range  for  the  input  voltage.  The  multimeters  connected  to  the  outputs  of  the 
converters  were  set  with  a  3  A  range  for  the  output  current  and  a  1000  V  range  for  the 
output  voltage.  The  first  module  on  the  electronic  load  is  set  to  a  current  load  with  a  1  A 
range  and  a  value  of  1  mA.  The  range  is  set  in  order  to  receive  a  better  degree  of 
precision  on  the  value  of  the  current.  The  particular  ranges  are  48,  480,  or  4800  ohms. 
The  second  module  is  set  to  a  voltage  load  with  a  value  of  100  V.  This  is  in  order  to 
protect  the  first  module  in  case  the  output  voltage  of  the  converter  is  greater  than  240  V. 
This  circuit  is  shown  in  Section  4. 

The  main  routine  takes  the  values  of  the  maximum  current  and  the  step  size  that 
the  user  inputs  into  the  visual  interface  to  run  a  for-loop.  This  determines  the  amount  of 
times  the  for-loop  runs.  The  commanded  current  is  determined  by  the  step  size  and  that 
value  is  sent  to  a  text  builder.  The  text  is  a  program  command  to  the  electronic  load. 
After  a  short  time  delay,  the  multimeters  will  measure  the  input  voltages  and  input 
currents  for  each  converter.  There  are  some  time  delays  inserted  in  this  process  to  avoid 
software  crashes.  The  electronic  load  will  measure  the  output  voltage  and  output  current 
for  the  paralleled  output  of  the  converters.  The  output  voltage  data  is  sent  to  a  voltage 
selector  to  determine  a  safe  value  of  voltage  for  the  voltage  mode  module  of  the 
electronic  load.  It  is  also  used  for  determining  the  proper  resistive  load  when  the 
electronic  load  switches  from  a  current  load  to  a  resistive  load.  When  the  commanded 
current  is  greater  than  0.4  A,  the  program  commands  change  the  electronic  load  from  a 
current  load  to  a  resistive  load.  Resistance  is  determined  according  to 
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R 


F[A:  l]  V  offset 

I[k] 


(3) 


where  I[k]  is  the  commanded  current  value,  V[k-1]  is  the  measured  output  voltage  from 
the  previous  measurement,  and  Vqffset  is  the  voltage  offset  on  Channel  3.  The  range  for 
the  resistive  load  is  also  set  in  order  to  increase  precision  for  the  resistance  commanded. 

The  values  of  the  input  and  output  voltages  and  currents  are  sent  to  various 
plotting  blocks  and  a  block  that  records  the  data  into  an  excel  spreadsheet.  This  is  for 
verification  by  the  end-user  to  see  if  the  data  is  correct  and  sufficient  based  on  what  is 
expected. 

The  shutdown  routine  starts  by  setting  the  voltage  module  of  the  electronic  load  to 
100  V.  The  electronic  load  is  also  set  back  to  a  current  load.  The  routine  then  runs 
through  a  for-loop  designed  to  ramp  down  the  current  on  the  load  from  the  maximum 
current  to  500  mA  and  then  dropping  down  by  100  mA  increments  to  100  mA.  There  is  a 
time  delay  between  steps  in  order  to  limit  software  crashes. 


2.3.  PYRANOMETER/THERMOCOUPLES 

A  Li-Cor  pyranometer  is  used  in  order  to  measure  the  solar  radiation  flux  density 
(in  watts  per  meter  square)  on  the  solar  panel  surface.  The  pyranometer  was  connected  to 
a  Fluke  115  hand-held  digital  multimeter  in  order  to  measure  the  DC  voltage  signal 
produced.  The  conversion  from  the  DC  voltage  to  solar  radiation  flux  density  is  given  by 

W 

the  manufacturer  as  \mV  =  100 — ^ . 

m 

A  thermocouple  is  a  device  consisting  of  two  different  conductors  that  produce  a 
voltage  proportional  to  a  temperature  difference  between  either  end  of  the  pair  of 
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conductors.  A  K-type  thermocouple,  from  Newport,  was  attaehed  to  the  bottom  of  the 
solar  panel  and  the  signal  was  measured  on  a  Metex  M-3850D  digital  multimeter  to 
measure  the  temperature  in  Fahrenheit  or  Celsius. 

2.4.  SUMMARY 

The  deviees  and  programs  deseribed  here  were  used  to  supplement  the  design  and 
experimental  proeess.  The  mieroeontroller  cireuit  was  developed  to  supply  the  gate 
drivers  with  power  and  gate  signals.  The  Labview  program  was  ereated  to  control  the 
multimeters  and  electronie  load  in  order  to  make  ehanges  to  the  equipment  and  take 
measurements  at  a  higher  rate  than  by  hand.  The  thermoeouples  and  pyranometers  were 
utilized  to  determine  the  temperature  on  the  individual  PV  panel  and  the  insolation  levels 
being  reeeived. 
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3.  FULL-BRIDGE  CONVERTER 


3.1.  DESIGN 

The  converters  proposed  are  full-bridge  converters,  which  are  buck-derived 
isolated  converters.  This  can  be  seen  in  Figure  3.1.  The  converter  used  a  high-reliability, 
high-ripple-current  capacitor  on  the  input  terminals  (Cl);  four  MOSFETs  arranged  in  an 
H-bridge;  two  transformers  connected  in  an  input-parallel,  output-series  topology;  a  full- 
bridge  rectifier  composed  of  ultrafast  diodes;  and  an  output  filter  composed  of  an 
inductor  (LI)  and  a  capacitor  (C2).  The  converters  have  been  built  with  the  circuit 
parameters  shown  in  Table  3.1.  The  interface  between  the  controller  and  the  MOSFETs 
used  dielectric-isolated  gate  drivers.  The  designed  operating  frequency  was  chosen  to  be 
93  kHz  to  minimize  transformer  size. 


Eigure  3.1.  Eull-Bridge  Converter  Topology 


To  limit  the  effect  of  the  primary  winding  losses  on  the  transformer,  two 
transformers  were  connected  in  parallel  on  the  primary  and  in  series  on  the  secondary,  as 
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may  be  seen  in  Figure  3.2.  With  the  series  eonneetion,  the  seeondary  eurrents  were 
forced  to  be  equal,  so  the  primary  currents  were  equal  by  necessity.  The  MOSFETs  are 
controlled  with  a  microcontroller,  set  to  generate  PWM  waveforms  with  an  effective  duty 
ratio  (after  rectification  on  the  secondary)  of  84%,  as  described  in  Section  2.1. 


Table  3.1.  Converter  Circuit  Parameters 


Parameter 

Value 

Parameter 

Value 

Input  Capacitance  (Cl) 

68  pE 

MOSEET 

TPCA8048-H 

Output  Capacitance  (C2) 

100  pE 

Rectifier  Diode 

PDU540 

Output  Inductance  (El) 

470  pH 

Switching  Erequency  (fsw) 

93.3  kHz 

Figure  3.2.  Input-parallel-output-series  transformer  connections 


Toshiba  TCPA8048  MOSFETs  were  chosen  for  the  bridge  because  of  their 
exceptionally  low  on-state  resistance  and  reasonable  gate  charge  and  output  capacitance. 
These  are  packaged  in  an  enhanced  (for  low  thermal  resistance  and  low  on-state 
resistance)  version  of  an  SO-8,  a  surface-mount  package  measuring  6  mm  x  5  mm. 
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The  gate  drivers  used  in  the  first  revision  of  the  board  were  International  Rectifier 
IR21 10  dual  drivers.  In  the  second  revision,  these  were  replaced  with  IR2101  drivers, 
which  are  smaller  and  less  expensive  but  with  otherwise  similar  specifications.  The  IR 
driver  chips  have  one  channel  that  is  referred  to  the  input  common  and  one  channel  that  is 
floating,  suitable  for  driving  the  high-side  MOSFET  in  one  leg  of  the  full-bridge. 

The  output  rectifier  bridge  used  ES3J  diodes  in  the  first  revision  and  PDU540 
diodes  in  the  second  revision.  Both  types  are  ultrafast  (with  reverse  recovery  times  of 
35  ns)  with  suitable  voltage  ratings.  The  PDU540  was  chosen  because  of  a  lower  on- 
state  conduction  loss. 

The  PCB  schematics  and  board  layouts  of  the  complete  converter  circuit  with 
auxilary  circuit  can  be  seen  in  Appendix  A. 


3.2.  TRANSFORMER  DESIGN  AND  CONSTRUCTION 

Eor  the  initial  design  of  the  transformers  using  the  Kg  core  geometry  approach 
(from  McEyman  [30]),  the  design  specifications  can  be  seen  in  Table  3.2. 


Table  3.2  Transformer  Design  Specifications 


Input  Voltage,  Vm 

26.6V 

Output  Voltage,  Vout 

266V 

Output  Current,  U 

0.75 19A 

Output  Power,  Po 

200W 

Switching  Erequency,  fsw 

lOOkHz 

Efficiency,  r\ 

97% 

Regulation,  a 

2% 

Operating  Elux  Density,  Bac 

O.IT 

Window  Utilization,  Ku 

0.4 
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The  regulation  and  power-handling  ability  of  a  eore  is  related  to  the  eore  geometry.  In 
order  to  ealculate  the  appropriate  eore  geometry,  Kg,  the  regulation,  the  apparent  power 
(Pt),  and  the  eleetrieal  eonditions  (Ke)  need  to  be  determined.  The  regulation  is 
determined  from  the  specifieations  in  Table  3.2.  The  transformer  apparent  power,  Pt,  is 
determined  using 

fi  ) 

P,-Po  -  +  1  (4) 

where  the  output  power  and  the  expeeted  effieieney  ean  be  seen  in  Table  3.2.  The 
caleulated  value  of  the  apparent  power  is  406. 19  W.  Kg  is  determined  by  the  magnetie 
and  eleetrie  operation  eondtions,  whieh  are  related  by 

K,  =  0.145(x,f  (/„y  (bJ  (10-)  (5) 


where  the  waveform  coefficient,  Kf,  has  a  value  of  4  due  to  a  square  wave  gate  signal. 
The  electric  conditions  equaled  23200.  The  core  geometry.  Kg,  is  calculated  using 

P 

(6 

"  2K,a 

The  core  geometry  equaled  0.004377  cm^  where  the  constant  a  has  a  value  of  2  and  not 
its  percentage  value  of  0.02. 

The  next  step  is  to  select  an  appropriate  core  that  meets  or  exceeds  this  minimum 
required  core  geometry.  Kg.  Also  in  the  selection  of  the  core  is  to  find  one  with  the 
proper  core  material.  For  this  design,  an  ETD-29  ferrite  core  was  chosen  with  a  core 
material  of  3C90.  The  ETD-29  core  geometry  value  is  0.05 17  cm^  which  is  higher  than 
the  calculated  value.  This  means  the  ETD-29  core  is  suitable  for  the  transformer  design. 


Although  a  smaller  core  could  have  been  chosen,  the  ETD-29  core  was  chosen  for  ease  of 


19 


transformer  construction  .  The  design  specifications  for  the  ETD-29  can  be  seen  in  Table 
3.3. 


Table  3.3.  Design  Data  for  ETD-29  Eerrite  Core 


Copper  Weight  (Wtcu) 

32.1  grams 

Core  Weight  (Wife) 

28  grams 

Mean  Eength  Turn  (MET) 

6.4  cm 

Magnetic  Path  Eength  (MPE) 

7.2  cm 

Wa/Ac 

1.865 

Cross-Sectional  Area  (Ac) 

0.761  cm"^ 

Window  Area  (Wa) 

1.419  cm^ 

Area  Product  (Ap) 

1.08  cm"^ 

Core  Geometry  (Kg) 

0.0517  cm" 

Surface  Area  (A^ 

42.5  cm"^ 

AE 

1000  mh/lK 

Next,  the  parameters  of  the  primary  winding  are  determined.  These  are  the 
number  of  turns  on  the  primary,  current  density,  calculated  input  current,  primary  bare 
wire  area,  the  resistance  of  the  primary  winding,  and  the  power  loss  on  the  primary 
winding.  The  number  of  primary  turns,  Np,  can  be  expressed  using  Earaday’s  Eaw 


The  number  of  primary  turns  was  calculated  to  be  8.7385  turns  and  was  rounded  down  to 
8  turns.  The  current  density,  J,  was  calculated  using 


^(10^) 


(8) 


2 

The  current  density  was  calculated  to  be  235.06  A/cm  .  The  input  current,  fn,  was 
evaluated  to  verify  what  is  expected  using 
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=  ■ 


VinV 


(9) 


The  calculated  input  current  was  7.751337  A,  which  is  within  the  expected  range  of  input 
current.  The  primary  bare  wire  area,  Awp(B),  was  calculated  using 


J 


(10) 


The  calculated  primary  bare  wire  area  was  0.032975  cm^.  The  appropriate  wire  size  was 
selected  from  [30]  to  be  12  AWG.  12  AWG  has  a  bare  wire  area  of  0.03308  cm^  and  is 
larger  than  the  calculated  value,  making  it  suitable  for  use.  The  primary  resistance,  Rp, 
was  calculated  using 


=MLT{ 


(11) 


where 


yCm  y 


was  given  as  52. 1 .  The  primary  resistance  was  2.668mQ.  The  primary 


copper  loss,  Pp,  was  predicted  using 


(12) 


The  primary  copper  loss  was  predicted  to  be  0.1603  W. 

Next,  the  parameters  of  the  secondary  winding  are  determined.  These  are  the 
number  of  turns  on  the  secondary,  secondary  bare  wire  area,  the  resistance  of  the 
secondary  winding,  and  the  power  loss  on  the  secondary  winding.  The  number  of 
secondary  turns.  Ns,  was  calculated  using 


N=- 


NV 


1  + 


a 

100 


(13) 
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The  number  of  seeondary  turns  was  ealeultated  to  be  81.6  turns  and  was  rounded  down  to 
80  for  a  ten  times  gain  on  the  transformer.  The  seeondary  bare  wire  area,  Aws(b),  was 
ealculated  using 


h 

J 


(14) 


2 

The  ealeulated  seeondary  bare  wire  area  was  0.003 199  em  .  The  appropriate  wire  size 
was  seleeted  from  [30]  to  be  22  AWG.  22  AWG  has  a  bare  wire  area  of  0.003243  em^ 
and  is  larger  than  the  ealeulated  value,  making  it  suitable  for  use.  The  seeondary  winding 
resistanee,  Rg,  was  ealeulated  using 


R,=MLT(N,) 


'  t£l' 

yCm  y 


(15) 


where 


yCm  y 


was  given  as  531.4.  The  ealeulated  seeondary  resistanee  was  0.27208Q. 


The  seeondary  eopper  loss,  Ps,  was  predieted  using 


P.  =  i:R. 


(16) 


The  seeondary  copper  loss  was  predicted  to  be  0.15382  W. 

The  last  step  is  to  calculate  the  total  system  parameters.  These  include  the  total 
primary  and  secondary  copper  loss,  the  transformer  regulation,  the  core  loss,  the  total  loss 
and  the  calculated  window  utilization.  The  total  primary  and  secondary  copper  loss,  Pcu, 
was  calculated  using 

K.=P,+P.  (17) 

The  total  primary  and  secondary  copper  loss  was  calculated  to  be  0.31412  W.  The 
transformer  regulation,  a,  was  calculated  using 
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«  =  ^(100)  (18) 

The  calculted  transformer  regulation  was  0.15706  %.  In  order  to  determine  the  eore  loss, 
a  watts  per  kilogram  value  must  be  determined.  The  watts  per  kilogram,  W/kg,  was 
ealeulated  using 

(19) 

kg 

where  k  equals  0.001983,  m  equals  1.36  and  n  equals  2.86  based  on  material  properties  of 
the  ehosen  eore  [30].  The  ealeulated  eore  loss  power  density  was  was  17.2712  W/kg. 

The  eore  loss,  Pfe,  was  ealeulated  using 

(20) 

The  calculated  core  loss  was  0.48359  W.  The  total  loss,  Pj;,  was  calculated  using 

Pz=P^+Pf.  (21) 


The  total  power  loss  of  the  transformer  was  calculated  to  be  0.7977  W.  The  total 
calculated  window  utilization,  Ku,  was  determined  using 


The  total  calculated  window  utilization  was  0.366.  This  value  is  the  percentage  of  the 
window  area  that  is  being  utilized  by  bare  wire  cross-sectional  area  (which  is  36.6%).  An 
example  diagram  of  the  transformer  windings  can  be  seen  in  Figure  3.3. 
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F igure  3.3.  T ransformer  W inding  D  iagram 


From  the  initial  transformer  design,  early  attempts  used  larger  ETD  eores 
(ETD34,  ETD44,  ETD49  and  ETD54)  with  a  foil  winding  for  the  primary  and  round-wire 
winding  for  the  seeondary  for  ease  of  construetion.  At  93  kHz,  the  skin  depth  in  eopper 
(e),  ealeulated  using 


6.62 


(23) 


is  0.02171  em.  This  value  needs  to  be  doubled  to  determine  the  proper  wire  size.  The 
wire  diameter  would  need  to  be  0.04342,  which  is  approximately  the  diameter  of  26 
AWG  wire.  To  minimize  skin  and  proximity  effect,  a  wire  size  with  a  radius  equal  to  the 
skin  depth  is  desired.  However,  to  achieve  the  proper  current  density,  the  equivalent  of 
12  AWG  is  needed  on  the  primary,  22  AWG  on  the  secondary.  To  approximate  12 
AWG,  copper  foil  of  a  width  similar  to  the  bobbin  width  and  813  pm  thickness  was  used. 
The  copper  foil  was  wrapped  in  insulating  tape.  Eor  the  secondary,  22  AWG  wire  was 
used  as  a  reasonable  compromise. 

Unfortunately,  manufacturing  a  transformer  with  low-resistance  termination 
connections  using  the  foil  was  unattainable.  Therefore,  a  different  approach  was  used. 
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The  largest  eomponent  of  power  loss  was  the  eopper  loss  on  the  primary  winding.  Thus 
to  deerease  the  power  loss  in  the  primary  winding,  two  transformers  with  parallel 
primaries  were  designed.  This  would  deerease  the  magnitude  of  primary  eurrent  by  a 
factor  of  two  and  the  overall  resistance  of  the  parallel-input  would  decrease  by  a  factor  of 
two.  To  ensure  current  sharing,  their  secondaries  were  connected  in  series,  as  shown  in 
Figure  3.2.  With  the  series  connection,  the  secondary  currents  were  forced  to  be  equal, 
so  the  primary  currents  were  equal  by  necessity.  With  the  reduced  primary  current,  15 
AWG  equivalent  was  needed,  so  the  transformers  were  constructed  with  2x18  AWG  in 
parallel  on  the  primary.  Again  22  AWG  was  used  on  the  secondary.  Since  power 
handling  decreased,  the  size  of  the  core  could  be  decreased  to  an  ETD29.  This  approach 
was  much  easier  to  construct,  and  therefore  achieved  better  results  despite  the  theoretical 
advantage  of  foil  windings. 

3.3.  SIMULATION 

In  order  to  assist  in  part  selection  and  feasibility,  a  simulation  was  developed 
using  Simulink  and  PLECs.  The  simulation  was  helpful  in  determining  if  the  ratings  of 
the  components  chosen  were  sufficient.  In  a  simulated  environment,  the  currents  on 
surface  mount  components  (MOSEETs,  rectifier  diodes,  inductors,  etc.)  could  be 
measured  whereas  on  the  physical  board  this  was  not  possible.  Eigure  3.4  shows  the 
simulaiton  model  built  in  PEECs. 
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Figure  3.4.  Simulation  Model  of  Full-Bridge  Converter 

Along  with  this  model  an  m-file  was  used  to  input  eomponent  values  into  the 
simulation  model.  In  this  way,  the  eonverter  parameters  could  easily  and  convieniently 
be  changed.  The  initial  constructed  transformers  were  connected  to  a  Hewlett  Packard 
4284A  Precision  LCR  Meter  in  order  to  measure  the  inductance  of  each  of  the  windings. 
This  was  done  by  connecting  the  LCR  meter  to  the  respective  winding  and  leaving  the 
other  winding  in  an  open-circuit.  For  leakage  values,  the  LCR  would  be  connected  to  the 
appropriate  winding  and  the  other  winding  would  be  shorted.  The  resistance  vaues 
values  received  from  the  LCR  were  either  exceptionally  high  or  negative  values.  Thus 
the  calculated  winding  resistance  values  were  used  because  of  error  in  measurement  of 
the  resistance  with  the  LCR  meter.  The  values  of  the  components  (given  in  Table  3.1), 
the  expected  value  of  the  on-state  resistance,  the  measured  values  of  the  transformer  were 
put  into  a  ideal  transformer  model  (coupled  inductors)  and  the  calculated  winding 
resistance  values  were  were  put  into  the  m-file. 

The  values  of  on-state  resistance,  transformer  winding  inductances,  and  calculated 


transformer  values  can  be  seen  in  Table  3.4. 
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Table  3.4.  Simulation  Model  Values 


Parameter 

Value 

Parameter 

Value 

Input  Capaeitor  Resistanee 

28  mQ 

Output  Capaeitor  Resistanee 

0.86  Q 

Output  Induetor  Resistanee 

707  mQ 

MOSFET  Resistanee 

4.3  mQ 

Primary  Induetanee  (Lp) 

122  pH 

Seeondary  Induetanee  (Ls) 

12.94  mH 

Cale.  Primary  Resistanee 

2.67  mQ 

Cale.  Seeondary  Resistanee 

272  mQ 

From  the  values  for  the  transformer  induetanees,  the  mutual  induetanee  ean  be 
approximated  using 


M 


Lp 


r 


V 


N  \ 

vj 


(24) 


This  value  would  need  to  be  ineluded  in  the  eoupled  induetor  matrix  as 

'Lp  M' 

M 


(25) 


With  the  values  in  MATLAB,  the  simulation  was  ran  and  a  high  effieieney  (greater  than 
95%)  was  verified  along  with  expeeted  voltages  and  eurrents  of  the  eonverter.  The 
simulated  results  of  the  power  and  effieieney  ean  be  seen  in  Figure  3.5. 

From  the  results  we  ean  see  where  the  value  of  input  power  (approximately  203 
W)  is  about  what  is  expeeted  (205  W).  The  output  power  ripple  is  within  a  reasonable 
amount  of  toleranee  with  less  than  1  W  of  ripple.  The  simulated  effieieney  is  nearly 


98% 
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F igure  3.5.  S  imulation  Results 


3.4.  EXPERIMENTAL  RESULTS 

There  were  multiple  experiments  ran  in  order  to  measure  the  eapabilities  of  the 


eonverters.  There  was  a  transient  response  experiment  to  ensure  that  the  eonverter  eould 


respond  to  a  ehange  in  the  input  within  a  reasonable  amount  of  time.  Souree  and  load 
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regulation  were  measured  as  well.  The  current  and  voltage  on  the  input  and  output  was 
measured  in  order  to  produce  relevant  graphs  to  what  is  expected  for  outdoor  testing. 

Figure  3.6  shows  the  transient  response  to  a  step  in  current  load  from  100  mA  to 
150mA.  The  input  voltage  is  shown  on  Channel  1  with  10  V  per  division  and  the  output 
voltage  is  shown  on  Channel  2  with  5  V  per  division  and  a  voltage  offset. 


Tek  JL  •Acq  Complete  M  Pos: -SOO.Ojus  CURSOR 


Figure  3.6.  Transient  Response 
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Figure  3.7  shows  the  source  regulation  (57?),  defined  as 

V 

'  out 

Vou. 

SR- 

f„=25 

Kn 

fv.=20 

Vou. 

Kn 

V-  =25 

*  in 

(26) 


The  objective  of  the  source  regulation  experiment  is  for  the  gain  of  the  converter,  output 
voltage  (Vout)  divided  by  input  voltage  (Vi„),  to  remain  constant  regardless  of  input 
voltage.  This  is  essentially  a  gain  error.  The  mean  source  regulation  for  output  currents 
above  100  mA  (where  the  converter  entered  continuous  conduction  mode)  was 
approximately  2%. 

Figure  3.8  shows  the  load  regulation  for  two  different  values  of  input  voltage.  For 
very  low  load  currents,  the  converter  enters  discontinuous  conduction  mode  and  the 
output  voltage  floats  up.  Measuring  from  the  point  where  the  converter  enters  continuous 
conduction  mode  (an  output  current  of  100mA)  to  full  load,  the  load  regulation  was 
7.71%. 

The  current  versus  voltage  (I-V)  waveforms  for  the  two  converters  can  be  seen  in 
Figure  3.9  and  Figure  3.10.  Figure  3.9  shows  the  input  current  versus  input  voltage 
waveforms  and  Figure  3.10  shows  the  output  current  versus  output  voltage  waveforms. 
This  shows  how  well  the  two  converters  perform  in  relation  to  eachother.  Ideally  the 
waveforms  would  be  identical  and  the  converters  would  behave  similarly.  The  difference 


in  transformer  construction  is  at  fault  for  the  small  differences  seen. 


Output  Voltage  [VJ  Gain  Error  with  5  V  Input  Increase  [%] 


Figures.?.  Source  Regulation 


Figure  3.8.  Load  Regulation 


Output  Current  [A] 
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Output  Voltage  [V] 


F igure  3.10.  Output  1- V  W aveforms 
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The  power  versus  voltage  (P-V)  waveforms  for  the  two  converters  can  be  seen  in 
Figure  3.11  and  Figure  3.12.  Figure  3.11  shows  the  input  power  versus  input  voltage 
waveforms  and  Figure  3.12  shows  the  output  power  versus  output  voltage  waveforms. 
As  in  the  I-V  waveforms,  this  shows  how  well  the  two  converters  perform  in  relation  to 
eachother.  Ideally,  the  waveforms  would  be  identical  and  the  converters  would  behave 
similarly.  The  difference  in  transformer  construction  is  at  fault  for  the  small  differences 
seen. 


The  efficiency  versus  output  current  can  be  seen  in  Figure  3.13.  The  peak  efficiency  for 
Board  1  was  90.98%  at  approximately  450mA  output  current.  The  peak  efficiency  for 
Board  2  was  90. 16%  at  approximately  450mA  output  current.  This  was  almost  entirely 
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due  to  construction  of  the  transformer.  With  a  better  manufacturing  process,  a  highly 
efficient  transformer  could  be  constructed  and  high  efficiency  converters  could  be 
achieved. 
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Figure  3.12.  Output  P-V  Waveforms 


The  efficiency  graphs  are  nearly  identical  which  is  expected  from  the  I-V  and  P-V 
waveforms.  The  very  low  efficiency  at  the  beginning  can  be  attributed  to  a  constant 
control  current  of  1mA  for  the  commanded  output  current.  This  was  a  safety  constraint 
of  Labview  to  give  a  low  control  value  for  measurement. 
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Figure  3.13.  Efficiency  Waveforms 
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4.  SOLAR  TESTING 


4.1.  SETUP 

Experimental  data  was  obtained  through  outdoor  solar  testing  of  the  full-bridge 
eonverters  with  parallel  eonnected  photovoltaie  array  as  shown  in  Figure  4.1.  Shown  in 
the  eleetronie  load  bloek  is  the  different  modules  used  as  deseribed  in  Section  2.2.  Each 
solar  panel  is  connected  to  a  full-bridge  converter.  For  the  tests  described  in  this  chapter, 
Kyocera  KD215GX-EPU  multicrystalline  panels  were  used.  The  experimental  setup  for 
outdoor  solar  testing  is  shown  in  Figure  4.2.  For  our  experiments,  Board  1  was 
connected  to  Panel  1  and  Board  2  was  connected  to  Panel  2.  The  bench  results  of  Board 
1  and  Board  2  can  be  seen  in  Section  3.4. 


Figure  4.1.  System  Topology 
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There  are  two  high-precision  multimeters,  Fluke  8845As,  either  used  as  both  a 
voltmeter  and  an  ammeter  on  the  input  of  a  single  full-bridge  converter.  The  individual 
fiill-bridge  converters  are  connected  in  parallel  to  an  electronic  load,  an  Agilient 
N3300A,  which  is  also  used  to  measure  the  output  voltage  and  output  current. 


Figure  4.2.  Physical  Experimental  Setup 


For  the  solar  testing.  Blue  Hawk  4  mil  thick,  heavy-duty  plastic  sheeting  was  cut 
into  smaller  sheets.  These  were  placed  on  top  of  the  solar  panels  in  order  to  provide 
varying  levels  of  insolation  to  the  solar  panels.  There  were  six  different  levels  of 
insolation  tested  where  there  were  unshaded,  some  partial  shading,  and  full  shading  of  an 
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individual  panel.  Figure  4.3  shows  the  physical  setup  to  simulate  a  uniform  insolation 
over  a  solar  panel. 


Figure  4.3.  Physical  Setup  of  Uniform  Insolation 


4.2.  EXPERIMENTAL  RESULTS 

In  this  section,  the  results  for  unshaded,  partial  shading  and  full  shading  are 
shown.  These  include  the  current  versus  voltage  (I-V)  and  power  versus  voltage  (P-V) 
waveforms  along  with  maximum  power  point  data  tables.  More  results  may  be  found  in 
Appendix  D. 
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Figure  4.4  shows  the  eurrent  versus  voltage  (I-V)  curves  for  the  unshaded 
condition.  Figure  4.5  shows  the  power  versus  voltage  (P-V)  curves  for  the  unshaded 
condition.  These  figures  demonstrate  that  the  two  converter  outputs  are  nearly  identical 
for  unshaded  conditions. 


The  values  of  the  maximum  power,  the  voltage  at  the  maximum  power  point,  and 
the  current  at  the  maximum  power  point  can  be  seen  in  Table  4.1.  Included  are  the 
insolation  of  the  unshaded  panel,  the  temperature  of  each  panel,  the  current,  voltage  and 
power  at  the  total  maximum  power  point  for  each  panel. 
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Table  4.1.  Solar  MPP  Data  for  Unshaded  Conditions 


Temp. 

(°C) 

Insolation 

(WW) 

Impp 

(A) 

^  mpp 

(V) 

P 

A  mpp 

(W) 

lin  @ 

Total 

MPP 

V.n@ 

Total 

MPP 

Pin® 

Total 

MPP 

Panel  1 

106 

- 

4.958 

22.69 

112.5 

4.958 

22.69 

112.5 

Panel  2 

96 

- 

5.033 

22.48 

113.13 

5.033 

22.48 

113.1 

Total 

- 

760 

1.063 

195.8 

208.2 

- 

- 

- 

The  data  shows  that  the  two  panels  with  their  individual  converters  operate  nearly 
the  same.  Also  the  data  shows  that  the  maximum  power  point  of  each  individual  panel  is 
near  the  maximum  power  point  of  the  entire  system.  This  is  expected  from  the  results  in 


Section  3. 
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Figure  4.6  shows  the  power  vs.  voltage  relationship  for  the  inputs  of  the  two 
eonverters  and  the  paralleled  output  of  the  eonverters  for  unshaded  conditions.  From  the 
plots,  the  total  maximum  power  point  can  easily  be  determined  and  occurs  at  the  same 
instance  as  the  maximum  power  points  of  each  individual  panel. 


Figure  4.7  shows  the  power  vs  voltage  relationship  from  Figure  4.6  with 
maximum  power  points  added  for  each  of  the  inputs  and  the  paralleled  output  of  the 
converters.  The  maximum  power  points  all  occur  at  the  same  output  voltage  on  the 
curve,  which  is  expected. 
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Figure  4.8  shows  the  effieiency  vs.  the  output  eurrent  for  the  unshaded  eonditions. 
The  peak  efficieney  was  92.41%.  The  average  efficieney  was  90.25%  after  the  first 
measurement. 

Figure  4.9  shows  the  input  eurrent  vs.  input  voltage  when  one  panel  is  partially 
oeeluded,  resulting  in  approximately  50%  insolation.  Figure  4.10  shows  the  power  vs. 
output  voltage  relationships  for  the  inputs  of  the  two  eonverters  and  the  paralleled  output 
of  the  eonverters  for  partially  shaded  ease. 
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Figure  4.8.  Total  System  Efficiency  for  Unshaded  Conditions 

As  above  in  Table  4.1,  the  values  of  the  maximum  power,  the  voltage  at  the 
maximum  power  point,  and  the  current  at  the  maximum  power  point  can  be  seen  in  Table 
4.2.  Included  are  the  insolation  of  the  unshaded  panel,  the  temperature  of  each  panel,  the 
current,  voltage  and  power  at  the  total  maximum  power  point  for  each  panel. 

Figure  4.1 1  shows  the  power  vs  voltage  relationship  from  Figure  4.9  with 
maximum  power  points  added  for  each  of  the  inputs  and  the  paralleled  output  of  the 
converters.  At  the  output  voltage  where  the  output  power  reaches  its  maximum,  the 
unshaded  panel  is  within  2.02%  of  its  maximum  power  and  the  shaded  panel  is  within 
1 .28%  of  its  maximum  power.  This  shows  that  the  individual  panel  outputs  are  well 


within  5%  of  their  individual  maxima  when  the  array  power  is  maximized,  despite 
differing  insolation. 
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Table  4.2.  Solar  MPP  Data  for  Partial  Shaded  Conditions 


Temp. 

(°C) 

Insolation 

(WW) 

^mpp 

(A) 

V 

’  mpp 

(V) 

p 

^  mpp 

(W) 

hn® 

Total 

MPP 

Total 

MPP 

Pm@ 

Total 

MPP 

Panel  1 

115 

- 

5.656 

20.47 

115.8 

5.070 

22.38 

113.5 

Panel  2 

87 

- 

2.980 

23.71 

70.66 

3.115 

22.39 

69.76 

Total 

- 

830 

0.8652 

195.3 

169.0 

- 

- 

- 

Figure  4.12  shows  the  efficiency  vs.  the  output  current  for  the  partially  shaded 


conditions.  The  peak  efficiency  was  92.25%.  The  average  efficiency  was  89.96%  after 


the  first  measurment. 
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Figure 


Figure  4.13  shows  the  input  current  vs.  input  voltage  when  one  panel  is  fully 
shaded,  resulting  in  approximately  30%  insolation.  Figure  4.14  shows  the  power  vs. 
output  voltage  relationships  for  the  inputs  of  the  two  converters  and  the  paralleled  output 
of  the  converters  for  fully  shaded  case. 

At  the  output  voltage  where  the  output  power  reaches  its  maximum,  the  unshaded 
panel  is  within  0.5%  of  its  maximum  power  and  the  shaded  panel  is  within  1 1 .2%  of  its 
maximum  power. 

As  the  insolation  is  decreased  past  50%,  the  shaded  panel  drops  out  of  the  5% 
range  desired.  The  difference  in  power  from  the  maximum  power  point  at  full  shaded 
conditions  is  11.19%,  which  is  over  double  the  objective.  At  insolation  levels  where  the 


shaded  panel  is  out  of  the  5%  range,  the  characteristics  of  the  unshaded  panel  dominate 
the  total  system  power  characteristics. 
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Figure  4.11.  Total  P-V  Waveforms  Partial  Shading  with  Maximum  Power  Points 


The  difference  in  power  from  the  maximum  power  point  is  less  than  2.05%  for  the 
unshaded  panel  for  all  shading  conditions  on  the  other  panel. 

Figure  4.15  shows  the  power  vs  voltage  relationship  from  Figure  4.13  with 
maximum  power  points  added  for  each  of  the  inputs  and  the  paralleled  output  of  the 


converters. 
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Figure  4.12.  Total  System  Efficiency  with  Partial  Shading 


As  above  in  Table  4.1,  the  values  of  the  maximum  power,  the  voltage  at  the 
maximum  power  point,  and  the  current  at  the  maximum  power  point  can  be  seen  in  Table 
4.3.  Included  are  the  insolation  of  the  unshaded  panel,  the  temperature  of  each  panel,  the 
current,  voltage  and  power  at  the  total  maximum  power  point  for  each  panel. 

Figure  4.16  shows  the  efficiency  vs.  the  output  current  for  the  partially  shaded 
conditions.  The  peak  efficiency  was  92.44%.  The  average  efficiency  was  89.92%  after 
the  first  measurement. 


Power  [W] 
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Figure  4.14.  Total  P-V  Waveform  with  Full  Shading 
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Table  4.3.  Solar  MPP  Data  for  Full  Shaded  Conditions 


Temp. 

(°C) 

Insolation 

(WW) 

Impp 

(A) 

V 

^  mpp 

(V) 

p 

^  mpp 

(W) 

lin@ 

Total 

MPP 

Total 

MPP 

Pm@ 

Total 

MPP 

Panel  1 

100 

- 

6.082 

19.83 

120.6 

5.790 

20.78 

120.3 

Panel  2 

74 

- 

1.831 

24.48 

44.83 

1.889 

21.07 

39.81 

Total 

- 

880 

0.8079 

182.9 

147.8 

- 

- 

- 
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Figure  4.15.  Total  P-V  Waveform  with  Full  Shading  with  Maximum  Power  Points 
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Figure  4.16.  Total  System  Efficiency  with  Full  Shading 


The  data  tables  for  all  of  the  different  insolation  trials  and  the  figures  for  all  of  the 
different  insolation  trials  are  located  in  Appendix  D. 
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5.  CONCLUSIONS  AND  FUTURE  WORK 

A  new  approach  to  PV  arrays  was  investigated.  Each  panel  has  an  integrated 
module-level  power  converter  with  a  fixed  voltage  gain.  The  output  of  the  converters 
may  be  directly  connected  to  a  grid-tie  inverter.  This  will  allow  individual  panels  to 
operate  much  closer  to  their  respective  maximum  power  points  than  panels  in  a 
conventional  series-connected  array. 

The  design  of  an  auxilary  circuit  to  supply  gate  drivers  with  gate  signals  and 
power  is  presented.  The  design  and  implementation  of  a  Labview  interface  for 
automating  the  experimental  process  of  setting  the  electronic  load  and  taking 
measurements  was  discussed.  The  use  of  supplementary  devices  such  as  the  pyranometer 
and  thermocouples  was  discussed. 

The  design  of  a  full-bridge,  buck-derived,  isolated  converter  is  presented.  The 
design  and  construction  of  a  transformer  for  use  with  the  full-bridge  converter  is 
covered,  as  well  as  the  novel  topology  utilized  to  increase  converter  efficiency.  The 
simulation  results  show  that  a  high  efficiency  converter  is  possible  if  skin  and  proximity 
effects  are  limited  and  transformer  construction  is  improved. 

Analysis  of  both  field  data  and  random  insolation  indicate  that  the  new  approach 
does  increase  power  generation  and  therefore  system  efficiency.  Solar  testing  shows  that 
the  topology  does  improve  system  performance  overall  independent  of  insolation  levels 
on  one  of  the  panels.  With  a  higher  efficiency  converter,  the  individual  maxima  will 
more  closely  coincide  with  the  total  maximum  power  point  of  the  system.  Even  with  less 
efficienct  converters,  the  unshaded  panel’s  characteristics  govern  the  total  system’s 
characteristics,  rather  than  the  shaded  panel  limiting  outputs. 
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Future  work  should  include  the  introduction  of  two  new  gate  signals  to  control  Q3 
and  Q4  as  seen  in  Section  3.1.  These  new  gate  signals  would  have  a  phase  shift  from  the 
gate  signals  on  Q1  and  Q2.  This  would  allow  the  voltage  on  the  MOSFETs  to  reach  zero 
and  achieve  zero-voltage  switching,  possibly  increasing  efficiency.  Further  experimental 
testing  could  then  be  done  to  measure  the  increase  in  efficiency.  If  bench  testing  proves 
successful,  the  next  step  would  be  to  do  solar  testing  and  measure  the  efficiency  increase 
on  both  converters.  Also,  checking  the  difference  in  power  from  the  maximum  for  both 
converters  at  maximum  output  power  to  ensure  that  the  converters  are  operating  at  their 
individual  maxima  independent  of  insolation  levels.  Finally,  the  system  should  be  scaled 
to  a  large  PV  array  and  connected  to  a  grid-tie  inverter. 
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PRINTED  CIRCUIT  BOARD  DESIGN 
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This  appendix  includes  the  schematics  and  board  layouts  of  the  printed  circuit 
boards  described  in  Section  2.1  and  Section  3.1.  The  schematic  diagram  is  broken  into 
multiple  sections  and  shown  in  Figures  A.l  through  A.4  for  clarity. 


Figure  A.l.  Sheet  1  of  Printed  Circuit  Board  Schematic 
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Figure  A.2.  Sheet  2  of  Printed  Cireuit  Board  Sehematie 
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Figure  A. 3.  Sheet  3  of  Printed  Cireuit  Board  Sehematie 


Figure  A.4.  Sheet  4  of  Printed  Cireuit  Board  Sehematie 
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Figure  A.5.  Physical  Board  Layout  of  Top  Layer 


Figure  A. 6.  Physical  Board  Layout  of  Bottom  Layer 
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WDTCTL  =  WDTPW  +  WDTHOLD;  //  Stop  WDT 


DCOCTL  1=  OxEO; 

//  Set  DCO  =  7 

BCSCTLl  1=  0x07; 

//  Set  RSEE  =  7 

PIDIR  1=  OxOC; 

//  P 1 .2  and  P 1 .3  output 

PISEL  1=  OxOC; 

//  P1.2  and  PI. 3  TAl/2  otions 

CCRO  =  26; 

//  PWM  Period/2 

CCTLl  =  OUTMOD_6; 

//  CCRl  toggle/set 

CCRl  =  15; 

//  CCRl  PWM  duty  cycle 

CCTL2  =  OUTMOD_2; 

//  CCR2  toggle/reset 

CCR2=  11; 

//  CCR2  PWM  duty  cycle 

TACTL  =  TASSEL_2  +  MC_3 

;  //  SMCEK,  up-down  mode 

_BlS_SR(EPMO_bits); 

//  Enter  EPMO 

APPENDIX  C. 


LABVIEW  PROGRAM 
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This  appendix  includes  the  front  panel  view  and  the  block  diagram  of  the 
Labview  program  described  in  Section  2.2.  The  block  diagram  is  broken  into  multiple 
sections  and  shown  in  Figures  C.2  through  C.4  for  clarity. 


F igure  C .  5 . 1 .  Labview  Human-Machine  Interface 


Maximum  lout  Current  Step 
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Figure  C.2.  Labview  Block  Diagram 
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Figure  C.3.  Labview  Block  Diagram  Continued 
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Figure  C.4.  Labview  Block  Diagram  Continued 
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Figure  D.2.  Total  P-V  Waveforms  for  0  Sheets/Unshaded 


70 


100 


80 

; 

CJ 

60 

! 

CJ 

F 

UJ 

40 

20 

- 

Q  I _ I _ I _ I _ I _ I _ I _ 

0  0.2  0.4  0.6  0.8  1  1.2  1.4 

Output  Current  [A] 

Figure  D.3.  Efficiency  Waveforms  for  0  Sheets/Unshaded 


Table  D.  1 .  Solar  MPP  Data  for  OSheets/Unshaded 


Temp. 

(°C) 

Insolation 

(WW) 

Impp 

(A) 

^  mpp 

(V) 

P 

^  mpp 

(W) 

lin  @ 

Total 

MPP 

v.„@ 

Total 

MPP 

Pin® 

Total 

MPP 

Panel  1 

41.11 

- 

4.958 

22.69 

112.5 

4.958 

22.69 

112.5 

Panel  2 

35.56 

- 

5.032 

22.48 

113.1 

5.033 

22.48 

113.1 

Total 

- 

760 

1.063 

195.8 

208.2 

- 

- 

- 
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Input  Voltage  [V] 

Figure  D.4.  Input  I-V  Waveforms  with  2  Sheets 


Figure  D.5.  Total  P-V  Waveforms  with  2  Sheets 
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Figure  D.6.  Efficiency  Waveform  with  2  Sheets 


Table  D.2.  Solar  MPP  Data  for  2  Sheets 


Temp. 

(°C) 

Insolation 

(WW) 

^mpp 

(A) 

V 

’  mpp 

(V) 

p 

^  mpp 

(W) 

hn® 

Total 

MPP 

v„@ 

Total 

MPP 

Pin® 

Total 

MPP 

Panel  1 

41.11 

- 

4.968 

22.21 

110.4 

4.968 

22.21 

110.4 

Panel  2 

35.56 

- 

3.535 

22.96 

81.17 

3.613 

22.18 

80.12 

Total 

- 

770 

0.908 

193.3 

175.5 

- 

- 

- 
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Figure  D.8.  Total  P-V  Waveforms  with  4  Sheets 
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Output  Current  [A] 

Figure  D.9.  Efficiency  Waveform  for  4  Sheets 


Table  D.3.  Solar  MPP  Data  for  4  Sheets 


Temp. 

(°C) 

Insolatio 
n  (W/m^) 

^mpp 

(A) 

V 

’  mpp 

(V) 

p 

^  mpp 

(W) 

hn® 

Total 

MPP 

v„@ 

Total 

MPP 

Pin® 

Total 

MPP 

Panel  1 

46.11 

- 

5.656 

20.47 

115.8 

5.070 

22.38 

113.5 

Panel  2 

30.56 

- 

2.980 

23.71 

70.66 

3.115 

22.39 

69.76 

Total 

- 

830 

0.865 

195.3 

169.0 

- 

- 

- 
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Figure  D.  1 1 .  Total  P-V  Waveforms  for  6  Sheets 
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Figure  D.12.  Efficiency  Waveforms  for  6  Sheets 


Table  D.4.  Solar  MPP  Data  for  6  Sheets 


Temp. 

(°C) 

Insolatio 
n  (W/m^) 

Impp 

(A) 

^  mpp 

(V) 

P 

^  mpp 

(W) 

tin  @ 

Total 

MPP 

v.„@ 

Total 

MPP 

Pin® 

Total 

MPP 

Panel  1 

47.22 

- 

5.520 

20.75 

114.6 

5.187 

21.71 

112.6 

Panel  2 

27.78 

- 

2.431 

23.98 

58.30 

2.490 

21.85 

54.40 

Total 

- 

820 

0.809 

190.2 

154.0 

- 

- 

- 
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Figure  D.14.  Total  P-V  Waveforms  for  8  Sheets 
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Figure  D.15.  Efficiency  Waveform  for  8  Sheets 


Table  D.5.  Solar  MPP  Data  for  8  Sheets 


Temp. 

(°C) 

Insolation 

(WW) 

impp 

(A) 

^  mpp 

(V) 

P 

^  mpp 

(W) 

lin  @ 

Total 

MPP 

Vin@ 

Total 

MPP 

Pin® 

Total 

MPP 

Panel 

1 

47.22 

- 

5.779 

20.25 

117.0 

5.454 

21.22 

115.8 

Panel 

2 

26.11 

- 

2.179 

23.66 

51.55 

2.207 

21.45 

47.35 

Total 

- 

870 

0.808 

186.3 

150.5 

- 

- 

- 
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Figure  D.17.  Total  P-V  Waveforms  for  10  Sheets 
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Figure  D.18.  Efficiency  Waveform  for  10  Sheets 


Table  D.6.  Solar  MPP  Data  for  10  Sheets 


Temp. 

(°C) 

Insolation 

(WW) 

Impp 

(A) 

^  mpp 

(V) 

P 

^  mpp 

(W) 

lin  @ 

Total 

MPP 

v„@ 

Total 

MPP 

Pin® 

Total 

MPP 

Panel  1 

43.33 

- 

5.736 

20.4763 

9 

117.5 

5.736 

20.48 

117.5 

Panel  2 

25 

- 

1.856 

23.74 

44.06 

1.882 

20.79 

39.13 

Total 

- 

870 

0.803 

180.1 

144.6 

- 

- 

- 
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Table  D.7.  Summarized  Solar  Data 


Shading 

Maximum 
Output 
Power  (W) 

Power 

from 

Unshaded 
at  Max 

Pout  (W) 

Unshaded 

Max 

Power  (W) 

Power 

from 

Shaded  at 
Max  Pout 
(W) 

Shaded 

Max 

Power  (W) 

Temp. 

Difference 

(°C) 

0  Sheets 

208.229 

112.526 

112.526 

113.129 

113.129 

5.55 

2  Sheets 

175.539 

110.3668 

110.366 

80.12382 

81.1723 

5.55 

4  Sheets 

169.014 

113.4539 

115.794 

69.75764 

70.6625 

15.55 

6  Sheets 

154.029 

112.6064 

114.559 

54.39827 

58.2960 

19.44 

8  Sheets 

150.478 

115.7696 

117.054 

47.34713 

51.5539 

21.11 

10  Sheets 

144.598 

117.4569 

117.456 

39.12618 

44.0560 

18.33 
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